1. Introduction {#sec1-sensors-18-00272}
===============

Recent advances in wireless communication technologies have had a pivotal role in increasing the number of radio-frequency (RF) electromagnetic sources in the environment. The increase in the number of RF electromagnetic sources is associated with a growing concern about potential harmful health effects of human exposure to RF radiation. These health effects are assessed by introducing limits on the incident RF electromagnetic field strengths, so-called reference levels. An example are those issued by the International Commission on Non-Ionizing Radiation Protection (ICNIRP) \[[@B1-sensors-18-00272]\]. These are quantified in terms of electric field strength or power density incident on the human body. Personal exposure to RF radiation is measured by personal exposure meters (PEMs) \[[@B2-sensors-18-00272],[@B3-sensors-18-00272],[@B4-sensors-18-00272],[@B5-sensors-18-00272],[@B6-sensors-18-00272],[@B7-sensors-18-00272],[@B8-sensors-18-00272],[@B9-sensors-18-00272],[@B10-sensors-18-00272],[@B11-sensors-18-00272],[@B12-sensors-18-00272]\]. These portable devices allow for continuous measurement of the electric field strength at the same location of a subject wearing the device and in different frequency bands for which measurement protocols have been proposed \[[@B2-sensors-18-00272],[@B13-sensors-18-00272],[@B14-sensors-18-00272],[@B15-sensors-18-00272]\]. Besides the above-mentioned advantages of PEMs, a major disadvantage of these devices is their large measurement uncertainty.

Research has shown that PEMs' measurements are compromised by the presence of human body \[[@B3-sensors-18-00272],[@B4-sensors-18-00272],[@B5-sensors-18-00272],[@B6-sensors-18-00272],[@B7-sensors-18-00272],[@B8-sensors-18-00272],[@B9-sensors-18-00272],[@B10-sensors-18-00272],[@B16-sensors-18-00272]\]. A review of different sources of uncertainty using PEMs for epidemiological studies can be found in \[[@B17-sensors-18-00272]\]. These uncertainties are due to the directivity of the body-worn antennas \[[@B5-sensors-18-00272],[@B6-sensors-18-00272],[@B7-sensors-18-00272],[@B9-sensors-18-00272],[@B18-sensors-18-00272],[@B19-sensors-18-00272]\] or body shadowing in which the body shields part of the EM fields and thus results in an unknown underestimation of the actual EM fields \[[@B5-sensors-18-00272],[@B6-sensors-18-00272],[@B7-sensors-18-00272],[@B8-sensors-18-00272],[@B9-sensors-18-00272]\]. In \[[@B4-sensors-18-00272]\] it was shown that the location of PEMs contributes to the uncertainty of their measurements and results in an underestimation of the incident electric fields. Using numerical simulations in \[[@B4-sensors-18-00272]\], the measurements of PEMs in the range of 98--2450 MHz were estimated at different locations of the body with relative errors up to 140%. In \[[@B20-sensors-18-00272]\], the dependency between the body shadowing and polarization of incident waves has been studied in 2.4 GHz band. The authors of \[[@B20-sensors-18-00272]\] concluded that a vertically polarized antenna results in a higher attenuation due to the body shadowing. Large variations of up to 30 dB and 35 dB in measured power density have been reported using numerical simulations \[[@B18-sensors-18-00272]\] and real measurements \[[@B19-sensors-18-00272]\], respectively. Neubauer et al. \[[@B8-sensors-18-00272]\] reported 90% prediction intervals ($PI_{90}$) of 17 dB around 941 MHz, and 18 dB around 2450 MHz, for PEMs using numerical simulations. Simulated 95% prediction intervals ($PI_{95}$) up to 18.5 dB at 900 MHz and 25.6 dB at 2100 MHz have been reported for a single PEM in proximity of human body \[[@B16-sensors-18-00272]\]. Aminzadeh et al. reported a measured $PI_{50}$ up to 20 dB at 5513 MHz and a simulated $PI_{95}$ of 22.9 dB on the response of a single PEM on the front or back of a human torso \[[@B21-sensors-18-00272]\].

Moreover, PEMs are calibrated in free space while they are used on body. Hence, they measure the electric-fields on the body instead of the actual incident fields. Several studies \[[@B5-sensors-18-00272],[@B6-sensors-18-00272],[@B21-sensors-18-00272],[@B22-sensors-18-00272]\] suggested on-body calibration of PEMs and the use of multiple PEMs on body and a correction factor to compensate for shielding of the body. In order to reduce the measurement uncertainty of PEMs, the concept of a personal distributed exposure meter (PDE) was proposed in \[[@B9-sensors-18-00272],[@B23-sensors-18-00272]\] using on-body calibration measurements in an anechoic chamber. Previously, the design of an exposure meter using multi-detector antennas around the body was also suggested in \[[@B22-sensors-18-00272]\]. A PDE consists of multiple antennas at fixed locations on body, which results in a lower measurement uncertainty due to the variation of antenna location on body. A similar approach is used in \[[@B24-sensors-18-00272]\] for the 60 GHz band. The proposed PDE in \[[@B9-sensors-18-00272]\] has not been used outside the lab. To the best of our knowledge, the previously designed PDEs are limited to single frequency bands e.g., 941 MHz \[[@B23-sensors-18-00272]\] and 2450 MHz \[[@B7-sensors-18-00272]\].

The goal of this study is to, for the first time, design a multi-band Body-Worn Distributed-exposure Meter (BWDM) that simultaneously measures personal exposure to RF fields originating from 11 telecommunication bands. The novelty of the proposed BWDM is to design the first multi-band multi-node wearable exposure meter with synchronized measurements of the nodes at 11 frequency bands. The proposed BWDM is based on the design of textile antenna in \[[@B25-sensors-18-00272]\] and therefore, benefits from high body-antenna isolation. The BWDM is designed and optimized based on the calibration measurements on a human male subject in an anechoic chamber. Moreover, for the first time, a BWDM is calibrated on six people to investigate the effect of human body morphology on its measurement uncertainty. A relation between body mass index (BMI) and recorded personal RF electromagnetic field levels has also been demonstrated for conventional PEMs \[[@B26-sensors-18-00272]\], although never been quantified in previous studies. The BWDM is validated by performing a real measurement campaign in an outdoor environment. This wearable device allows us to assess the personal exposure in real life conditions with less uncertainty. The results will be useful for epidemiological and RF exposure studies that investigate possible effects of exposure to RF radiation on public health. In addition, for the first time, an EME Spy 200 is calibrated on-body in an anechoic chamber to determine its measurement uncertainty. The results are compared to the measurement uncertainty of the proposed BWDM. During future calibration measurements, the influence of the subject's posture will be considered. Moreover, the application of SAR measurement using the proposed BWDM is part of the future work.

The methodology including the design and calibration of BWDM is described in [Section 2](#sec2-sensors-18-00272){ref-type="sec"}. [Section 3](#sec3-sensors-18-00272){ref-type="sec"} presents the results of our study. [Section 4](#sec4-sensors-18-00272){ref-type="sec"} concludes the paper.

2. Materials and Methods {#sec2-sensors-18-00272}
========================

[Section 2.1](#sec2dot1-sensors-18-00272){ref-type="sec"} presents the PEMs that are used in this study. The BWDM is constructed using textile antennas and wearable electronics integrated into a garment. The designed antennas and the frequency bands of the BWDM are summarized in [Section 2.2](#sec2dot2-sensors-18-00272){ref-type="sec"}. [Section 2.3](#sec2dot3-sensors-18-00272){ref-type="sec"} presents the design of the receiver nodes. The on-body setup is described in [Section 2.4](#sec2dot4-sensors-18-00272){ref-type="sec"}, while [Section 2.5](#sec2dot5-sensors-18-00272){ref-type="sec"} explains on-body calibration measurement setup (BWDM in [Section 2.5.1](#sec2dot5dot1-sensors-18-00272){ref-type="sec"}, PEMs in [Section 2.5.2](#sec2dot5dot2-sensors-18-00272){ref-type="sec"}). The study of body morphology is described in [Section 2.6](#sec2dot6-sensors-18-00272){ref-type="sec"}. [Section 2.7](#sec2dot7-sensors-18-00272){ref-type="sec"} provides the details of the outdoor measurement campaign.

2.1. Conventional PEMs {#sec2dot1-sensors-18-00272}
----------------------

Two commercially available PEMs are used in this study: EME Spy 200 (MVG, Brest, France) and ExpoM-RF (Fields at Work GmbH, Zürich, Switzerland). Eleven frequency bands are studied in this paper: The uplink (UL) and downlink (DL) bands of Global System for Mobile Communications (GSM) 900 and 1800 MHz and Universal Mobile Telecommunications System (UMTS) 2100 MHz; Digital Enhanced Cordless Telecommunications (DECT), Wireless Fidelity 2 GHz (WiFi-2G) and 5 GHz (WiFi-5G) and Long-Term Evolution (LTE) downlink bands 800 and 2600 MHz. The detection limit of these exposure meters are 0.01 V/m (EME Spy 200) and 0.05 V/m (ExpoM-RF) for WiFi-5G and 0.005 V/m (both PEMs) for other 10 studied frequency bands (see [Table 1](#sensors-18-00272-t001){ref-type="table"}).

2.2. Textile Antennas {#sec2dot2-sensors-18-00272}
---------------------

The antenna's function in the PEM can hardly be underestimated. It is the sensor responsible for capturing the electromagnetic radiation to which the subject is exposed. Its performance and reliability, good or bad, will have severe impact on the reliability of the measurement. That is why careful attention is devoted to the selection and design of the antennas.

To adequately capture the signal, the antenna needs good radiation characteristics, robust on-body performance, and stable figures of merit (primarily gain, impedance matching, and bandwidth). Furthermore, the body-worn nature of the system poses additional challenges, such as bending and compression, but also the need to be able to easily and compactly integrate the antenna into the user's garments. To achieve this, the choice is made for an antenna constructed from textile materials, based on a topology with high body-antenna isolation.

The antenna design is founded on the topology presented in \[[@B25-sensors-18-00272]\]. It relies on Substrate Integrated Waveguide technology (SIW) to implement an antenna with high-body antenna isolation, which makes the performance robust and reliable. A small form factor is achieved by relying on miniaturization techniques known as "half-mode operation" \[[@B27-sensors-18-00272]\], which makes use of the symmetry of the magnetic field by introducing virtual magnetic walls.

Small size is an asset for body-worn applications and the antenna's integration potential is further increased by the fact that it is entirely fabricated from textile materials. The conductive parts are realized from copper-coated nylon. The dielectric material composing the antenna substrate is a closed-cell expanded rubber that is commonly found in garments of public service personnel, such as firefighters. To protect the antenna from the surroundings and accidental damaging, the antenna is embedded in a protective textile case consisting of 3D textile materials. A CO${}_{2}$ laser with spot size less than 0.1 μm is used to pattern the textile materials. The different layers are then laminated with the aid of a heat press and thermally activated glue.

The antennas are designed and validated by CST microwave studio, where the emphasis is on matching the antenna impedance to the 50 $\Omega$ characteristic impedance of the receiver nodes (discussed in the next section), within the frequency band of operation. Therefore, we set as a design goal that $\left| S_{11} \right|$ (the magnitude of the reflection coefficient) remains smaller than −10 dB in a frequency range that is slightly larger than the targeted band of operation. This over-dimensioning is performed to cope with detuning effects that might occur, for example due to the presence of the wearer's arm in the near field of the antenna. [Figure 1](#sensors-18-00272-f001){ref-type="fig"} shows the reflection coefficient for the different designed antennas.

Of course, antenna radiation characteristics are also taken into account during the design phase. The main focus is on the maximum realized gain, the pattern shape, and the polarization of the designs. The antenna's direction of radiation, expressed by the antenna's radiation pattern, should be directed away from the human body. This makes the antenna sensitive to radiation incident from directions away from the human body. Indeed, when deployed on the body, even an antenna with an omnidirectional radiation pattern in free-space conditions will be unable to receive signals impinging from directions along which signals need to travel through the human body. Such fields will be fully attenuated due to body absorption, putting the human body in a "blind spot". Therefore, an antenna that only radiates in one hemisphere pointing away from the body is more efficient and less susceptible to variations in human body morphology. In this case, the contribution of waves traveling around the body is negligible w.r.t the signals (energy) received from other directions. The antenna polarization is linear with an axial ratio higher than 5 dB and the antenna gain is between 3 and 5 dBi (along the direction away from the body surface). [Table 1](#sensors-18-00272-t001){ref-type="table"} lists dimensions of the designed antennas versus the frequency bands for the BWDM.

2.3. Receiver Nodes {#sec2dot3-sensors-18-00272}
-------------------

The multi-antenna measurement system consists of 22 autonomously working measurement units for 11 different frequency bands, connected to a common serial bus system. Each exposure meter node is composed of a printed-circuit board, integrated onto a flexible antenna, as displayed in [Figure 2](#sensors-18-00272-f002){ref-type="fig"}. The antenna and compact circuit guarantee an unobtrusive integration into garment, offering a complete measurement and data logging solution.

A block diagram of the circuit is shown in [Figure 3](#sensors-18-00272-f003){ref-type="fig"}. This diagram corresponds to one node, attached to the serial bus. The node contains a textile antenna, capturing the impeding signals, which are further filtered to select the desired band of interest for measurement. The filtered signal is then detected by a logarithmic detector chip, operating over a dynamic range of 80 dB. The output of the detector is an analog signal, which is sampled by an analog-to-digital converter, in turn providing the sampled data to the micro controller. The micro controller and its embedded software form the heart of the system, controlling the timing for data logging and calculating minimum, maximum, linear as well as geometric averages. These values are stored into flash memory each second.

In total, 22 custom nodes for different frequency bands are connected to the bus system, integrated into the jacket. The bus system allows reading out the data of the flash memory for all the nodes automatically. The bus communication is controlled by a master unit, which can be connected to a laptop computer. This master unit is portable. It monitors the correct operation of the nodes during measurement campaigns. Additionally, the user can synchronously record time stamps in all the slave nodes by pressing a button on the master unit.

2.4. On-Body Setup {#sec2dot4-sensors-18-00272}
------------------

Twenty two potential locations to position the antennas on body are examined. Only the torso of human body and hips are considered for the deployment of the antennas on body. This was motivated by the fact that, on these areas, the antenna performance would be less affected by the user movements. Both the front and back of the torso are divided into 22 locations (are labeled as A-T, U and V) as shown in [Figure 4](#sensors-18-00272-f004){ref-type="fig"}. For each frequency band, two antennas are placed on diametrically opposite locations on the torso \[[@B28-sensors-18-00272]\] or on the hips. This requires 2244 measurements: 11 (bands) × 51 (positions on torso/hips: A to V) × 4 (2 polarizations of transmitter and receiver antennas). This was more feasible in a realistic time space. Therefore, a set of locations on body are selected randomly for each frequency band covering all the proposed locations on body and thus 120 measurements are performed. The position and polarization of the nodes are optimized using on-body calibration measurements (see [Section 2.5](#sec2dot5-sensors-18-00272){ref-type="sec"}) on a 28-year old male subject (which is denoted as Sb-1). Only the standing posture is considered here, the influence of posture is part of future work.

Two PEMs are placed on the right (EME Spy 200) and left (ExpoM-RF) lateral hips (just below the waist) of Sb-1, based on whom the BWDM is designed and calibrated (see [Figure 4](#sensors-18-00272-f004){ref-type="fig"}). These are the only potential locations on the body which are not affected by the presence of the antennas in the BWDM. A belt has also been used to prevent movements of the PEMs during the measurements.

2.5. Calibration Measurements {#sec2dot5-sensors-18-00272}
-----------------------------

The goal of calibration is to compare actual fields with and without the body and to determine the measurement uncertainty of the BWDM as well as EME Spy 200 and ExpoM-RF. [Section 2.5.1](#sec2dot5dot1-sensors-18-00272){ref-type="sec"} and [Section 2.5.2](#sec2dot5dot2-sensors-18-00272){ref-type="sec"} present the on-body calibration of BWDM and the PEMs, respectively.

### 2.5.1. On-Body Calibration of BWDM {#sec2dot5dot1-sensors-18-00272}

The calibration procedure is proposed to simultaneously determine an optimized location for each antenna per frequency band as well as an effective on-body antenna aperture. For each frequency band, two receiver nodes (RX) are diametrically placed on locations *i* on the front and back of the torso since this leads to a lower measurement uncertainty \[[@B6-sensors-18-00272],[@B7-sensors-18-00272]\].

First, the subject (Sb-1) is placed on a rotational platform in the far field of a transmitting horn antenna (TX) in an anechoic chamber. The subject is rotated over 360${}^{\circ}$ at an angular speed of 2${}^{\circ}$ per second around his axis perpendicular to the ground floor of the chamber. During each rotation, the receiver nodes register the received power on body at a sampling rate of 1 Hz. This procedure is repeated for both vertical (V) and horizontal (H) polarizations of the TX, resulting in the received powers $P_{r,ij}^{V}\left( \varphi \right)$ and $P_{r,ij}^{H}\left( \varphi \right)$, respectively. The first step is repeated to examine both V and H orientations of the RX. In each frequency band *j*, the TX emits a constant power in the range of 20--60 mW. Second, using a Narda (NBM-550) isotropic field probe, the free-space incident power densities $S_{inc,j}^{free,V}$ and $S_{inc,j}^{free,H}$ are measured along a line at the subject's location 54--202 cm above the rotational platform for both V- and H polarizations of the TX, respectively. This step provides the incident power densities in free space (without the body) at the location of the subject. Third, the received powers on body (first step) and the free-space incident power densities (second step) are used to determine the arithmetic or geometric averaged AA of the BWDM (over front and back) for any realistic polarization:$$AA_{ij}\left( \theta = 90^{\circ},\varphi,\psi \right) = \frac{P_{r,ij}^{H}}{S_{inc,j}^{free,H}}cos^{2}\left( \psi \right) + \frac{P_{r,ij}^{V}}{S_{inc,j}^{free,V}}sin^{2}\left( \psi \right),$$ where *i* is the antenna on the front or on the back and $\psi$ is the polarization of an incident electric field. It must be noted that, in the anechoic chamber used for this study, it is not possible to measure all incident polar angles. In a real multipath environment no assumption can be made about incident polarization. In order to determine $AA_{i}\left( \varphi,\psi \right)$ for any realistic polarization, 1000 $\psi$ samples are drawn from a uniform distribution in the range of $\left\lbrack {0,2\pi} \right\rbrack$ that results in a certain distribution for the on body antenna aperture. This is repeated in a loop (bootstrap) with 100 iterations to assess the variation on analysis. The 16%, 50% and 84% percentiles of this distribution are determined and are denoted as $p_{16}$, $p_{50}$ and $p_{84}$, respectively. The median ($p_{50}$) of the distribution is used to convert the measured received powers on the nodes to incident power densities $S_{inc,j}^{meas}$:$$S_{inc,j}^{meas} = \frac{P_{r,ij}^{meas}}{p_{50}\left( AA_{ij} \right)},$$ where $P_{r,ij}^{meas}$ is the received power on each node at location *i* and band *j*. The other percentiles are used to estimate the 68% confidence interval ($CI_{68}$) of the on-body aperture:$$CI_{68,ij} = \frac{p_{84}\left( AA_{ij} \right)}{p_{16}\left( AA_{ij} \right)},$$

From ([3](#FD3-sensors-18-00272){ref-type="disp-formula"}) it is clear that minimizing $CI_{68}$ will minimize the uncertainties as well. Therefore, a minimal $CI_{68}$ is determined as the minimum of the $CI_{68}$'s on measurements with a V- or H-polarized node placed on location *i* and measuring in the frequency band *j*.

### 2.5.2. On-Body Calibration of Conventional PEMs {#sec2dot5dot2-sensors-18-00272}

The goal of on-body calibration is to compare the measurement uncertainty of the designed BWDM with those of the conventional PEMs. For the first time, an EME Spy 200 is calibrated on body and its measurement uncertainty is assessed in terms of $CI_{68}$. On-body calibration measurements are performed in the anechoic chamber, similar to the steps explained in [Section 2.5.1](#sec2dot5dot1-sensors-18-00272){ref-type="sec"} for BWDM. During each rotation, the incident electric field $E_{kj}^{body}$ was measured by both PEMs, at a sample rate of 0.25 Hz for every angle of $\varphi$, resulting in a distribution for the recorded electric fields by each PEM and for both polarizations of the TX. Next, the response $R_{k}$ of the PEMs is determined for any realistic polarization in a loop with 100 repetitions:$$R_{k}\left( f_{j},\varphi \right) = \left( \frac{E_{kj}^{body}\left( f_{j},\varphi,\theta = 90 \right)}{E^{free}\left( f_{j} \right)} \right)^{2},$$ where *k* is the location of PEMs on body (right or left hip), $f_{j}$ is the center frequency of each studied band and $E^{free}$ is the free space incident electric field measured by the Narda probe (see [Section 2.5.1](#sec2dot5dot1-sensors-18-00272){ref-type="sec"}). The 16%, 50% and 84% percentiles of this distribution are determined. They are denoted as $p_{16}$, $p_{50}$ and $p_{84}$, respectively. The median ($p_{50}$) of the distribution is used to correct the measured data on these PEMs $E^{meas}$ for the effect of human body:$$E^{inc}\left( f_{j} \right) = \frac{E_{kj}^{meas}\left( f_{j} \right)}{\sqrt{p_{50}\left( R_{k}\left( f_{j},\varphi \right) \right)}},$$

2.6. Study of Body Morphology {#sec2dot6-sensors-18-00272}
-----------------------------

Using the minimal $CI_{68}$ values for each frequency band, the location of each node was optimized on Sb-1. Once the locations of nodes are finalized on the vest, the BWDM is worn by five more subjects (Sb-2 to Sb-6). The same on-body calibration is performed to determine the effect of body morphology on measurement uncertainty of the BWDM in terms of $CI_{68}$. [Table 2](#sensors-18-00272-t002){ref-type="table"} lists the characteristics of the people that participated in this study. The presence of different body morphologies on measured uncertainty of the BWDM is reported in terms of the standard uncertainties of the on-body antenna apertures ($AA_{ij}$). Such uncertainties correspond to the standard deviations of the AA's distributions. However, Thielens et al. \[[@B6-sensors-18-00272],[@B7-sensors-18-00272]\] demonstrated that the distributions of $AA_{ij}$ can be asymmetric. Therefore, we defined the upper standard uncertainty $s_{up,j}$ and lower standard uncertainty $s_{low,j}$ for the optimized design of the BWDM worn by the six subjects:$$s_{low,j} = 1 - \frac{p_{50}\left( AA_{j} \right)}{p_{84}\left( AA_{j} \right)}$$ $$s_{up,j} = \frac{p_{50}\left( AA_{j} \right)}{p_{16}\left( AA_{j} \right)} - 1$$

The uncertainty caused by the presence of human body on the total power density is defined as the sum of upper and lower uncertainties for *j* bands:$$s_{low/up,total} = \sqrt{\sum\limits_{j = 1}^{10}\left( s_{low/up,j} \right)^{2}}$$

2.7. Application: Real Measurements in Outdoor Environments {#sec2dot7-sensors-18-00272}
-----------------------------------------------------------

The purpose of this outdoor measurement campaign is to demonstrate the applicability of the BWDM for real-life exposure measurements and to assess the measurement uncertainty. The test person (Sb-1) equipped with the BWDM and two commercial exposure meters (EME Spy 200 and ExpoM-RF on the right and left hips, respectively) walks along a predefined path (see [Figure 5](#sensors-18-00272-f005){ref-type="fig"}) in a residential area close to the center of Ghent, Belgium. The route (thick line) is approximately 2.5 km long and lasts 33 min. During the measurements the received power on each node is registered and the incident power density is calculated for each frequency band using the determined on-body AA from the calibration measurements.

3. Results and Discussion {#sec3-sensors-18-00272}
=========================

3.1. On-Body Calibration of Conventional PEMs {#sec3dot1-sensors-18-00272}
---------------------------------------------

[Table 3](#sensors-18-00272-t003){ref-type="table"} lists the results of the on-body calibration of PEMs on Sb-1 in the anechoic chamber. The median *R* for the EME Spy 200 is in the range of 0.12 (DECT) to 0.73 (2600-DL). Also the range of $CI_{68}$ for the EME Spy 200 is 8.99 (2600-DL) to 13.68 dB (WiFi-5G). The results clearly indicate that the EME Spy 200 on the right hip underestimates the measured electric fields by a factor of 1.1 to 2.88. For ExpoM-RF, the median *R* is in the range of 0.26 (2100-DL) to 4.59 (WiFi-5G), which is an under/over estimation of the actual electric fields by a factor of 0.4 to 1.9. The value of $CI_{68}$ is in the range of 8.5 (WiFi-2G) to 12.6 dB (900-DL). The on-body calibration of ExpoM-RF on the left hip of Sb-1 and on the hip of another male subject in \[[@B30-sensors-18-00272]\] shows that there is a difference of 0.35 to 8.7 dB for the $CI_{68}$ of their responses due to different body morphologies.

3.2. On-Body Design and Calibration of the BWDM {#sec3dot2-sensors-18-00272}
-----------------------------------------------

The optimized design of the BWDM is summarized in [Table 4](#sensors-18-00272-t004){ref-type="table"}. The optimized location and polarization of nodes that provide the minimal $CI_{68}$ of the on-body antenna aperture for Sb-1 are presented, composing the optimal configuration of the nodes on body. For each frequency band, the median AA and $CI_{68}$ are determined for the arithmetic and geometric averages over two nodes on the front and back. The results show that geometric averaging over the two nodes provides a lower $CI_{68}$. For example, the geometric average over nodes $A^{V}$ (location: A, vertical polarization) and $S^{H}$ (location: S, horizontal polarization) in the 1800-UL band yields a lower median $CI_{68}$ of 3.8 dB. Therefore, the geometric average over front and back is considered to determine the geometric on-body antenna aperture for each subject. The BWDM exhibits an AA range of 0.33 cm${}^{2}$ (WiFi-5G) to 12.71 cm${}^{2}$ (900-DL) and $CI_{68}$ of 3.3 dB (2100-DL) to 5.67 dB (2600-DL). The results show that the designed BWDM provides relatively low $CI_{68}$ values. Moreover, the $CI_{68}$ values of the BWDM are compared to the $CI_{68}$ of PEMs obtained from on-body calibration of PEMs on the same subject (Sb-1). Results are listed in [Table 4](#sensors-18-00272-t004){ref-type="table"}. The PEMs yield relatively higher uncertainties: for example, the EME Spy 200 has higher $CI_{68}$ values than the BWDM, being a 3.3 dB (58.5%) increase for 2600-DL to a 9.6 dB (291%) increase for 2100-DL. The ExpoM-RF exhibits a $CI_{68}$ which is 3.6 dB larger (63.5%) for 2600-DL to a 8.1 dB higher (214.5%) for 1800-UL, in comparison to the BWDM on the same subject.

[Figure 6](#sensors-18-00272-f006){ref-type="fig"} depicts the on-body antenna apertures of the BWDM for the six subjects as a function of frequency. The results show that increasing the frequency decreases the AA values. The following function is fitted to the AA values per person as a function of frequency:$$AA = a\left( 10^{14} \right)f^{b}$$ where AA is the on-body antenna aperture (cm${}^{2}$), f is the frequency (Hz) and *a* and *b* are the fit coefficients. The goodness of fit is evaluated by $R^{2}$ and is in the range of 0.72 to 0.91. The *a* and *b* are in the range of 1.73 to 3.3 and −1.47 to −1.57, respectively. In theory, AA is proportional to the wavelength ($\lambda^{2}$) and, hence, to $1/f^{2}$ \[[@B31-sensors-18-00272]\]. This ($b = - 2$) is for antennas that have the same directivity. The values of *b* obtained in this paper are slightly different than $- 2$, which is due to the influence of body on the antennas on body and also the different directivity. Moreover, no obvious relationship between the BMI and *a* and *b* parameters is found. Either increasing or decreasing the BMI showed variation of the fit parameters. For subjects with a similar height exhibited a similar value of *a* and *b*: for example, 1.73 vs. 1.87 for *a* and −1.1 vs. −1.4 for *b* (Sb-4 vs. Sb-5).

3.3. Study of Body Morphology {#sec3dot3-sensors-18-00272}
-----------------------------

[Figure 7](#sensors-18-00272-f007){ref-type="fig"} shows the $CI_{68}$ (median $CI_{68}$ obtained using the bootstrap with 100 repetitions) of the on-body antenna aperture for 6 subjects and 11 frequency bands. The value of $CI_{68}$ is in the range of 10 dB (900-UL Sb-1) to 27.3 dB (DECT, Sb-2) for the nodes on the front. For nodes on the back of torso, the minimum and maximum $CI_{68}$ are 11.8 dB (900-DL, Sb-2) and 27.1 dB (2100-UL, Sb-3), respectively. Using the geometric averaging over each pair of nodes on the front and on the back of torso in each frequency band, the range of $CI_{68}$ decreases and is in the range of 2.69 dB (2100-DL, Sb-2) and up to 8.8 dB (WiFi-5G, Sb-5). For the optimized BWDM, this is an improvement of up to 22 dB in measurement uncertainty with respect to single nodes on the front or back of the torso. The results show that, for different subjects (different BMIs), the variation for single nodes is higher. The range is 4 to 6.7 dB (factor of 4.6), for the nodes on the front, and 3.7 to 7.8 dB (factor of 6), for the nodes on the back. Calibration measurements demonstrate that the geometric average over the nodes on the front and back, reduces the variation of $CI_{68}$ for all different subjects in the range of 1.2 dB (1800-UL) to 3.6 dB (1800-DL) for 11 frequency bands.

[Figure 8](#sensors-18-00272-f008){ref-type="fig"} depicts the difference in $CI_{68}$ values ($\Delta$X) for subjects Sb-2 to Sb-6 with respect to Sb-1 ($\Delta$X $\mspace{600mu} = CI_{68,X} - CI_{68,Sb - 1}$; X = \[Sb-2,\...,Sb-6\]). Since the location and polarization of the nodes are optimized for Sb-1, the $\Delta$X is calculated considering Sb-1 as the reference. The $\Delta$X is expected to be positive for Sb-2 to Sb-6, which is true if Sb-1 has the lowest $CI_{68}$ for all the bands. The results show that $\Delta$X is positive for 40 out of 55 (72.7%) measurements, which is acceptable. Among the 28% of negative $\Delta$X's, the largest difference is for subject Sb-6, which has only 0.82 dB lower $CI_{68}$ compared to Sb-1 (WiFi-2G). For Sb-2, the minimum and maximum $\Delta$Sb-2 are 0.6 dB (2100-DL) and 1.2 dB (1800-UL), respectively. Sb-3, has a minimum 0.3 dB (800-DL) and maximum 1.9 dB (1800-UL). The minimum and maximum $\Delta$Sb-4 are 0.2 dB (900-UL) and 2.8 dB (1800-DL), respectively. For subject Sb-5, 0.5 dB (800-DL) is the minimum and 3.6 dB (1800-DL) is the maximum difference with respect to Sb-1. The minimum $\Delta$Sb-6 is 0.8 dB (WiFi-2G) and 1.1 dB (900-DL) is the maximum. Subjects Sb-2 (BMI 23.9 kg/m${}^{2}$) and Sb-3 (BMI 25.5 kg/m${}^{2}$) with similar heights (178 cm) have the maximum $\Delta$X with respect to subject Sb-1 for 1800-UL. Among the subjects, Sb-4 (BMI 33.2 kg/m${}^{2}$) and Sb-5 (BMI 23.3 kg/m${}^{2}$) have the most similar heights (169 and 167 cm, respectively) and also the maximum $\Delta$X at 1800-DL. It may be concluded that for both 1800 MHz UL and DL bands $CI_{68}$ is a function of height rather than the BMI.

Furthermore, the maximum $\Delta$X decreases ($\Delta$Sb-5 \> $\Delta$Sb-4 \> $\Delta$Sb-3 \> $\Delta$Sb-2 \> $\Delta$Sb-6) with increasing height of the person ($h_{Sb - 5} < h_{Sb - 4} < h_{Sb - 3} < h_{Sb - 2} < h_{Sb - 6}$). Considering subjects with similar heights, for 900-UL, (Sb-2, Sb-3) and (Sb-4, Sb-5) have a similar $\Delta$X with respect to Sb-1, (0.58, 0.61 dB) and (0.2, 0.3 dB), respectively. Sb-2, with a similar BMI to Sb-1 (difference of 0.3 $kg/m^{2}$), has a constant $\Delta$Sb-2 of about 0.3 dB in 6 out of 11 bands (800-DL, 900-DL, 1800-DL, 2100-UL, WiFi-2G and 2600-DL). For DECT, Sb-3 and Sb-4 with largest BMI values have the largest $\Delta$X values of 1.8 and 1.7 dB, respectively. Sb-4 and Sb-5 with a similar height have $\Delta$Sb-4 of 1.6 dB and $\Delta$Sb-5 of 1.2 dB. For DECT and 2100-UL bands, the values of $\Delta$Sb-4 and $\Delta$Sb-5 are similar (1.7 and 1.6 dB for Sb-4; and 1.1 and 1.2 dB for Sb-5). This might be due to the cross talk. For 2100-DL, subjects Sb-5 and Sb-6 with a similar BMI to Sb-1 have $\Delta$Sb-5 of 0.005 dB and $\Delta$Sb-6 of 0.06 dB. Sb-6 with a similar height to Sb-1, has a difference of maximum 0.7 dB (except 900-DL: 1.2 dB). According to the results, except 1800-DL and WiFi-5G, the maximum deviation for all the subjects is less than 2 dB for all frequency bands.

[Table 5](#sensors-18-00272-t005){ref-type="table"} lists the 68% confidence interval of the on-body antenna aperture for different subjects and 11 frequency bands. For Sb-1, the $CI_{68}$ ranges from 3.2 (2100-DL) to 5.6 dB (2600-DL). The $CI_{68}$ values for Sb-2, range from 2.6 (2100-DL) to 6 dB (2600-DL). For Sb-3, the $CI_{68}$ is in the range of 3.6 (2100-DL) to 6.3 dB (DECT). Sb-4 has $\left( CI_{68} \right)$ in the range of 4.2 (2100-DL) to 6.5 dB (2600-DL). Sb-5 and Sb-6 have a minimum $CI_{68}$ of 3.3 and 3.2 dB (2100-DL) and maximum 8.8 dB (WiFi-5G) and 6.2 dB (900-DL), respectively. Based on the results, the measurement uncertainty in different frequency bands, in terms of $CI_{68}$, can be reduced when 2 antennas are placed on body. These results are much (7 to 10 dB) lower than the $CI_{68}$ of a commercial exposure meter (ExpoM-RF 64), calibrated on the left hip of a male subject \[[@B30-sensors-18-00272]\]. The results are consistent over all subjects. In addition, ExpoM-RF's calibration on Sb-1 shows 3.6-8.1 dB higher uncertainty compared to the calibrated BWDM on the same subject (see [Table 4](#sensors-18-00272-t004){ref-type="table"}). This reduction is due to the negative correlation between the nodes on the front and the back of torso. Moreover, this reduction is associated with geometric averaging over measurements of the same quantity. The small standard deviation shows the reliability of the data and also the implemented bootstrap method to determine the on-body antenna aperture for each subject.

The median on-body AA values determined from calibration measurements on six subjects as well as the uncertainties due to the presence of human body in each frequency band are presented in [Table 6](#sensors-18-00272-t006){ref-type="table"}.

The AA values range from 0.2 cm${}^{2}$ (2100-DL, Sb-6) to 14.1 cm${}^{2}$ (800-DL, Sb-6). Increasing the frequency (except 2100-DL) results in less variation in the AA values for different subjects since AA is smaller for higher frequencies (see [Table 4](#sensors-18-00272-t004){ref-type="table"}). The antenna apertures depend on the directive gain of the used antenna, the antenna efficiency and the square of the wavelength of the received signals. The smaller antenna aperture at 2100-DL is due to the electrical distance that affects the antenna performance in presence of human body. The upper and lower standard uncertainty shows that the distribution of on-body AA is asymmetric for all the subjects at each frequency band. This is in agreement with the results presented in \[[@B6-sensors-18-00272],[@B7-sensors-18-00272]\]. The lower and upper boundaries of the uncertainty caused by the presence of human body on the total power density $s_{low,total}$ and $s_{up,total}$ for subjects with a similar BMI (Sb-1, Sb-2, Sb-5 and Sb-6) are comparable. For example Sb-2 and Sb-5 have a different uncertainty of 3.2% for $s_{low}$ (42.6% vs. 45.8%) and 2.4% for $s_{up}$ (85.1% vs. 87.5%). This means that, despite the asymmetric shape of the AA distributions, for subjects with a similar BMI, the corresponding boundaries have less variations.

3.4. Application: Real Measurements in Outdoor Environments {#sec3dot4-sensors-18-00272}
-----------------------------------------------------------

[Figure 9](#sensors-18-00272-f009){ref-type="fig"} shows an example of the measured incident power density $S_{inc}$ for 800-DL for the three devices during the walk.

Both the EME Spy 200 and ExpoM-RF underestimate the exposure to 800-DL signals during the walk. The measurement uncertainty of the PEMs might depend on their location on the body \[[@B7-sensors-18-00272]\] and a lower uncertainty might be achievable for the PEMs if they would be placed on another location on the body. However, a sensitivity study of the PEMs' location on the body was not possible in this study, due to BWDM, which covers most of the subjects' torso. A potential way to get an exact comparison between the PEMs uncertainty and the BDWM would be to place the PEMs on every potential location on the body where the BWDM nodes are placed (see [Figure 4](#sensors-18-00272-f004){ref-type="fig"}) and perform a calibration following the procedure described in [Section 2.5](#sec2dot5-sensors-18-00272){ref-type="sec"}. However, since we only performed measurements with the PEMs on the hips (not in other potential configurations). We limited ourselves to only calibrating on those on-body locations.

[Table 7](#sensors-18-00272-t007){ref-type="table"} lists summary statistics of the measurement for three cellular technologies 2G, 3G and 4G including 800-DL, 900-DL, 1800-DL and 2100-DL bands. For the BWDM, censoring occurs at 2100-DL for which only 4.2% of the data are censored. This band, has the smallest AA and therefore, results in a higher on-body detection limit. For the rest of the bands, the BWDM registered no censored data due its low detection limits. For the EME Spy 200, up to 14% of the measurement data are censored while for the ExpoM-RF, 1.03% of the measurements (at 1800-DL) are censored. In order to calculate the summary statistics, the Robust Regression on Order Statistics (ROS) \[[@B2-sensors-18-00272]\] is applied to the measurements. For the BWDM, the mean measured power densities are in the range of 26.7 μW/m${}^{2}$ (800-DL) to 90.8 μW/m${}^{2}$ (900 DL). The large standard deviation is due to the city environment where several buildings with different heights are present. For the EME Spy 200, the mean power density ranges from 4.41 μW/m${}^{2}$ (1800-DL) to 60.1 μW/m${}^{2}$ (900-DL). ExpoM-RF registered mean power densities in the range of 14.53 μW/m${}^{2}$ (1800-DL) to 151.5 μW/m${}^{2}$ (900-DL). All the three devices measured the maximum mean power density for 900-DL band (2G). For the BWDM, the median $S_{inc}$ is in the range of 3.21 μW/m${}^{2}$ (800-DL) to 29 μW/m${}^{2}$ for 2100-DL. Both PEMs registered the minimum $p_{50}$ of $S_{inc}$ for 1800-DL (EME Spy 200: 0.59 μW/m${}^{2}$, ExpoM-RF: 1.62 μW/m${}^{2}$) and the maximum median $S_{inc}$ for 900-DL (EME Spy 200: 12.26 μW/m${}^{2}$, ExpoM-RF: 34.77 μW/m${}^{2}$). The results are comparable to the previous studies. For example, using a single-band PDE on body, Bhatt et al. reported a median $S_{inc}$ in the range of 0.51 to 51.24 μW/m${}^{2}$ for a number of residential areas in Ghent, Belgium for 900-DL \[[@B32-sensors-18-00272]\]. In this study, the BWDM measured a median $S_{inc}$ of 28 μW/m${}^{2}$ in the same band. The difference may be due to the diverse measurement locations in the city. In this study, the EME Spy 200 registered median $S_{inc}$ of 1.28 in 800-DL band, while, Hardell et al. reported a median power density of 9.5 μW/m${}^{2}$ in Stockholm, Sweden \[[@B33-sensors-18-00272]\]. The higher exposure level in Stockholm is due to the LTE base stations. To the extent of our knowledge, in this paper, for the first time, LTE signals are measured in a real environment using a BWDM. All the measured values are below the issued reference levels (2 W·m${}^{- 2} \leq S_{inc} \leq 10\mspace{600mu} W \cdot$m${}^{- 2}$) by ICNIRP \[[@B1-sensors-18-00272]\] for the general public.

A ratio is defined (see [Table 7](#sensors-18-00272-t007){ref-type="table"}) for of the median values of BWDM to EME Spy 200 and ExpoM-RF. According to the measurements, EME Spy 200 underestimates the median actual incident fields by a factor of 2.28 (900-DL) to 20.67 (1800-DL). This value is in the range of 1.68 (800-DL) to 9.92 (2100-DL) for the ExpoM-RF. The only exception is 900-DL for which the ExpoM-RF measured 1.2 times higher median $S_{inc}$ than the BWDM. This might be due to the position of Expom on body during the walk in a way that the ExpoM-RF is faced toward a base station and thus measured higher values. Comparing the median $S_{inc}$ measured by BWDM, 800 -DL (4G) has the lowest exposure level, while the exposure to 2G signals (900 and 1800 MHz downlinks) are 3.8 to 8.7 times higher than 4G, 3G is 9 times higher than 4G and 2.3 times higher than 2G (1800-DL).

4. Conclusions {#sec4-sensors-18-00272}
==============

For the first time, a multi-band body-worn distributed-exposure meter (BWDM) is proposed for simultaneous on-body measurements of the incident power density in 11 telecommunication bands. The BWDM is designed and calibrated on a male human subject, in an anechoic chamber. The optimized location of 22 nodes covering 11 frequency bands is determined on the front and on the back of the torso. The optimized BWDM is also calibrated on five more subjects in order to study the effect of human body morphology on the measurement uncertainty of the designed BWDM. The uncertainty is quantified as the 68% confidence interval of the on-body antenna aperture obtained during calibrations. It is shown that using multiple antennas improved the uncertainty up to 22 dB with respect to single nodes for all subjects in all frequency bands. We also demonstrated that, using single antennas, the variation on $CI_{68}$ for the six people in this study was about 9.3 dB. This value reduced to the range of 1.2 to 3.6 dB for all the subjects, which is 5.7 dB improvement. Except for 1800-DL (3.6 dB) the maximum variation on the $CI_{68}$ of subjects of this study is limited to below 2 dB. The designed BWDM has an improved $CI_{68}$ of 9.6 dB compared to $CI_{68}$ of commercially available PEMs calibrated on body. Using the proposed BWDM and two PEMs, fields along an outdoor route are measured in Ghent, Belgium including 800, 900, 1800 and 2100 MHz downlink bands. The BWDM measured a mean power density in the range of 26.7 to 90.8 μW/m${}^{2}$, which are below the issued reference levels by ICNIRP. The results show that commercial PEMs underestimate the actual incident power densities by a factor of 1.6 to 20.6. Moreover, the measured exposure to 2G and 3G signals are 3.8 to 9 times higher than the 4G signals. The study of the subject's posture and application of SAR measurement will be part of the future work.
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![Reflection coefficient of the different antennas, showing good impedance matching for the frequency bands of interest. The numbers in parenthesis are the number of antennas which are listed in [Table 1](#sensors-18-00272-t001){ref-type="table"} as antenna Nr.](sensors-18-00272-g001){#sensors-18-00272-f001}

![Example of an exposure meter node: (**a**) Back side of the exposure meter node, showing the printed circuit board (PCB) and the ground plane of the antenna under the PCB; (**b**) Front side of the exposure meter node showing the fabricated antenna (resonators) glued to the substrate.](sensors-18-00272-g002){#sensors-18-00272-f002}

![Block diagram of an exposure meter node on the serial bus.](sensors-18-00272-g003){#sensors-18-00272-f003}

![The proposed nodes' locations on the front and back of the torso.](sensors-18-00272-g004){#sensors-18-00272-f004}

![The predefined walk in the center of Ghent, Belgium. The thick line indicates the route. The orange place markers indicate the location of antennas. (The location of antennas are extracted from \[[@B29-sensors-18-00272]\]).](sensors-18-00272-g005){#sensors-18-00272-f005}

![The fitted models to the on-body AA values for six people. Vertical axis: frequency (MHz), horizontal axis: AA (cm${}^{2}$).](sensors-18-00272-g006){#sensors-18-00272-f006}

![Median 68% confidence interval of the on-body antenna aperture for each person per frequency band.](sensors-18-00272-g007){#sensors-18-00272-f007}

![difference in $CI_{68}$ for subjects Sb-2 to Sb-6 with respect to Sb-1.](sensors-18-00272-g008){#sensors-18-00272-f008}

![An example of the incident power densities measured during the walk for 800-DL.](sensors-18-00272-g009){#sensors-18-00272-f009}

sensors-18-00272-t001_Table 1

###### 

Parameters of the designed textile antennas. f${}_{c}$: center frequency. Antenna Nr: antenna number; these numbers are shown in parenthesis in [Figure 1](#sensors-18-00272-f001){ref-type="fig"}.

  Band Name   Range (MHz)   f$\mathbf{{}_{\mathbf{c}}}$ (MHz)   Dimensions (mm$\mathbf{{}^{3}}$)   Antenna Nr
  ----------- ------------- ----------------------------------- ---------------------------------- ------------
  800-DL      790--821      806                                 110 × 110 × 11                     1
  900-UL      879--915      896                                 100 × 100 × 11                     2
  900-DL      921--960      941                                 100 × 100 × 11                     2
  1800-UL     1710--1785    1748                                90 × 100 × 6                       3
  1800-DL     1805--1880    1843                                90 × 100 × 6                       3
  DECT        1880--1900    1890                                90 × 100 × 6                       3
  2100-UL     1900--1980    1940                                90 × 100 × 6                       4
  2100-DL     2110--2170    2140                                90 × 100 × 6                       4
  WiFi-2G     2400--2485    2443                                90 × 100 × 6                       5
  2600-DL     2620--2690    2655                                90 × 100 × 6                       5
  WiFi-5G     5150--5875    5513                                90 × 100 × 6                       6

sensors-18-00272-t002_Table 2

###### 

Characteristics of the subjects participating in calibration measurements.

  Subject              Sb-1   Sb-2   Sb-3   Sb-4   Sb-5   Sb-6
  -------------------- ------ ------ ------ ------ ------ ------
  Gender               M      M      M      M      F      M
  Age                  28     43     61     39     39     30
  Height (cm)          183    178    178    169    167    183
  Weight (kg)          79     76     81     95     65     72
  BMI (kg/m${}^{2}$)   23.6   23.9   25.5   33.2   23.3   21.5
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###### 

The median and $CI_{68}$ of PEMs' responses on hips of Sb-1.

  RF Signal   Sb-1: $\mathbf{\mathbf{p}_{50}\left( \mathbf{R}_{\mathbf{k}} \right)}$   Sb-1: $\mathbf{\mathbf{C}\mathbf{I}_{68}}$ (dB)   $\mathbf{\mathbf{CI}_{68}}$ (dB) \[[@B30-sensors-18-00272]\]                  
  ----------- ------------------------------------------------------------------------ ------------------------------------------------- -------------------------------------------------------------- -------------- -----
  800-DL      0.17 ± 0.00                                                              0.79 ± 0.020                                      9.28 ± 0.04                                                    9.98 ± 0.10    12
  900-UL      0.47 ± 0.008                                                             0.3 ± 0.005                                       9.82 ± 0.15                                                    9.35 ± 0.11    9.7
  900-DL      0.37 ± 0.007                                                             0.56 ± 0.017                                      9.57 ± 0.10                                                    12.64 ± 0.12   9.4
  1800-UL     0.23 ± 0.005                                                             0.45 ± 0.010                                      11.04 ± 0.09                                                   11.92 ± 0.03   12
  1800-DL     0.19 ± 0.004                                                             0.28 ± 0.003                                      10.95 ± 0.08                                                   11.51 ± 0.11   13
  DECT        0.12 ± 0.003                                                             0.41 ± 0.000                                      11.67 ± 0.09                                                   10.55 ± 0.09   13
  2100-UL     0.26 ± 0.008                                                             0.42 ± 0.006                                      10.94 ± 0.05                                                   10.21 ± 0.04   13
  2100-DL     0.27 ± 0.003                                                             0.26 ± 0.005                                      12.91 ± 0.04                                                   10.73 ± 0.03   12
  WiFi-2G     0.34 ± 0.00                                                              0.53 ± 0.009                                      12.52 ± 0.05                                                   8.54 ± 0.03    14
  2600-DL     0.73 ± 0.002                                                             1.47 ± 0.008                                      8.99 ± 0.07                                                    9.27 ± 0.03    18
  WiFi-5G     0.41 ± 0.001                                                             4.59 ± 0.039                                      13.68 ± 0.07                                                   10.74 ± 0.08   15

sensors-18-00272-t004_Table 4

###### 

The optimized location and polarization of the nodes for BWDM and the median and $CI_{68}$ of the on-body AA.

  RF Signal   $\mathbf{\mathbf{Pos}^{\mathbf{pol}}}$   $\mathbf{\mathbf{p}_{50}\left( \mathbf{AA} \right)}$ (cm$\mathbf{{}^{2}}$)   $\mathbf{\mathbf{CI}_{68}}$ (dB)   $\mathbf{\Delta_{\mathbf{CI}_{68}}}$ dB (%)                                
  ----------- ---------------------------------------- ---------------------------------------------------------------------------- ---------------------------------- --------------------------------------------- ------------- -------------- --------------
  800-DL      $C^{H},Q^{V}$                            16.95 ± 0.01                                                                 9.82 ± 0.04                        5.42 ± 0.02                                   4.79 ± 0.04   −4.5 (93.7)    −5.2 (108.3)
  900-UL      $I^{V},O^{H}$                            20.88 ± 0.004                                                                12.4 ± 0.2                         4.43 ± 0.03                                   4.95 ± 0.03   −4.8 (98.3)    −4.4 (88.8)
  900-DL      $G^{H},K^{V}$                            26.43 ± 0.17                                                                 12.71 ± 0.13                       3.9 ± 0.03                                    5.15 ± 0.04   −4.4 (85.8)    −7.5 (145.4)
  1800-UL     $A^{V},S^{H}$                            15.77 ± 0.07                                                                 4.35 ± 0.01                        6.91 ± 0.04                                   3.79 ± 0.02   −7.2 (191.3)   −8.1 (214.5)
  1800-DL     $D^{H},R^{V}$                            10.73 ± 0.03                                                                 2.58 ± 0.01                        6.61 ± 0.01                                   3.75 ± 0.03   −7.2 (192)     −7.7 (206.9)
  DECT        $H^{H},L^{V}$                            19.85 ± 0.002                                                                4.44 ± 0.01                        6.11 ± 0.01                                   4.53 ± 0.03   −7.1 (157.6)   −6 (132.9)
  2100-UL     $F^{V},P^{H}$                            13.33 ± 0.04                                                                 2.57 ± 0.01                        8.47 ± 0.09                                   4.54 ± 0.02   −6.4 (141)     −5.7 (124.8)
  2100-DL     $U^{H},V^{V}$                            0.68 ± 0.003                                                                 0.34 ± 0.002                       6.25 ± 0.03                                   3.3 ± 0.04    −9.6 (291.2)   −7.4 (225.1)
  WiFi-2G     $J^{V},N^{H}$                            12.93 ± 0.08                                                                 2.68 ± 0.007                       7.05 ± 0.04                                   4.94 ± 0.02   −7.6 (153.4)   −3.6 (72.8)
  2600-DL     $B^{H},T^{V}$                            15.94 ± 0.07                                                                 2.92 ± 0.01                        7.95 ± 0.02                                   5.67 ± 0.04   −3.3 (58.5)    −3.6 (63.5)
  WiFi-5G     $E^{H},M^{V}$                            1.01 ± 0.02                                                                  0.33 ± 0.003                       11.58 ± 0.12                                  5.57 ± 0.03   −8.1 (145.6)   −5.1 (92.8)

sensors-18-00272-t005_Table 5

###### 

68% confidence interval of the on-body antenna aperture for different subjects wearing the BWDM (combination of two antennas per frequency band).

  RF Signal   $\mathbf{\mathbf{CI}_{68}\mspace{600mu} \pm \sigma}$ (dB)                                                           
  ----------- ----------------------------------------------------------- ------------- ------------- ------------- ------------- -------------
  800-DL      4.79 ± 0.04                                                 5.18 ± 0.08   4.43 ± 0.06   4.6 ± 0.01    4.23 ± 0.04   4.91 ± 0.06
  900-UL      4.95 ± 0.03                                                 5.53 ± 0.06   5.56 ± 0.03   4.75 ± 0.03   4.62 ± 0.02   5.09 ± 0.05
  900-DL      5.15 ± 0.04                                                 5.54 ± 0.04   5.87 ± 0.04   5.73 ± 0.08   5.33 ± 0.06   6.28 ± 0.06
  1800-UL     3.79 ± 0.02                                                 5 ± 0.04      5.76 ± 0.02   4.41 ± 0.02   5.35 ± 0.03   4.49 ± 0.04
  1800-DL     3.75 ± 0.03                                                 4.09 ± 0.02   5.59 ± 0.05   6.58 ± 0.03   7.35 ± 0.02   3.86 ± 0.02
  DECT        4.53 ± 0.03                                                 5.45 ± 0.01   6.38 ± 0.04   6.27 ± 0.06   5.71 ± 0.05   4.94 ± 0.01
  2100-UL     4.54 ± 0.02                                                 4.93 ± 0.09   5.08 ± 0.04   6.15 ± 0.06   5.77 ± 0.02   4.05 ± 0.03
  2100-DL     3.3 ± 0.04                                                  2.7 ± 0.01    3.59 ± 0.04   4.27 ± 0.03   3.3 ± 0.04    3.22 ± 0.03
  WiFi-2G     4.94 ± 0.02                                                 5.22 ± 0.04   5.50 ± 0.02   5.59 ± 0.04   4.84 ± 0.00   4.12 ± 0.02
  2600-DL     5.67 ± 0.04                                                 6 ± 0.02      5.49 ± 0.04   6.58 ± 0.03   6.34 ± 0.00   5.24 ± 0.03
  WiFi-5G     5.57 ± 0.03                                                 5.54 ± 0.05   5.89 ± 0.03   4.82 ± 0.08   8.79 ± 0.05   5.22 ± 0.06

sensors-18-00272-t006_Table 6

###### 

Studied frequency bands and their median on-body antenna apertures determined from calibration measurements on six subjects and uncertainties due to the presence of human body on the average of two nodes in each frequency band.

  RF Signal         $\mathbf{\mathbf{p}_{50}\left( \mathbf{AA} \right)}$ (cm$\mathbf{{}^{2}}$)   $\mathbf{\mathbf{s}_{\mathbf{low}}}$ (%), $\mathbf{\mathbf{s}_{\mathbf{up}}}$ (%)                                                                       
  ----------------- ---------------------------------------------------------------------------- ----------------------------------------------------------------------------------- ------ ------ ------ ------ ------- ------- ------- ------- ------- -------
  800-DL            9.8                                                                          9.2                                                                                 10     7.7    9.3    14.1   42.4    47.6    35.7    43.1    39.6    33.2
                                                                                                                                                                                                                 73.8    72.6    78.2    64.5    59.6    107.4
  900-UL            12.4                                                                         13.1                                                                                10.3   9.4    10.3   6.8    40      47.7    43.5    47.5    45.6    41.7
                                                                                                                                                                                                                 86.8    86.7    103.1   57      57.8    88
  900-DL            12.7                                                                         5.3                                                                                 8.45   11.8   10.4   5.9    41.1    50.3    47.9    43.5    46.2    46.5
                                                                                                                                                                                                                 92.4    78.3    101.7   111.6   83.6    126.6
  1800-UL           4.35                                                                         4.7                                                                                 3.8    4      3.5    4.6    33.9    36.6    47.4    33      46      40.7
                                                                                                                                                                                                                 58.4    100.4   97.2    85.2    84.8    67.1
  1800-DL           2.58                                                                         2.2                                                                                 2.1    1.8    1.9    3.8    28.1    40.6    52.4    57.3    63.9    29.6
                                                                                                                                                                                                                 70.3    52.2    72.3    94.2    96      71.5
  DECT              4.44                                                                         2.93                                                                                3.9    4      3.8    3.9    33.6    46.9    54.9    48.2    40.2    46.6
                                                                                                                                                                                                                 88.6    86.3    96.1    119.4   122.3   66.3
  2100-UL           2.57                                                                         2.5                                                                                 1.8    1.6    2.3    2.3    29.1    36.8    44.7    48.4    45.8    35.1
                                                                                                                                                                                                                 102     97.3    78.6    113     104.9   65
  2100-DL           0.34                                                                         0.34                                                                                0.33   0.29   0.31   0.2    27.8    26.8    34.2    39.4    27.3    35.4
                                                                                                                                                                                                                 54.7    36.3    50.4    62.4    55.3    35.6
  WiFi-2G           2.68                                                                         3.13                                                                                2.38   2      3      2.2    39.6    44      55      48.3    45.9    36.4
                                                                                                                                                                                                                 88.3    86.2    60      87.5    65.2    64.2
  2600-DL           2.92                                                                         2.7                                                                                 3.1    3.4    4.2    4.5    41.8    43.9    46.9    44.6    50.2    43.7
                                                                                                                                                                                                                 115     122.8   88      152.2   114.6   88.2
  WiFi-5G           0.33                                                                         0.39                                                                                0.34   0.42   0.51   0.36   39.2    47.5    45.7    31.5    52.2    44.3
                                                                                                                                                                                                                 119.4   88.1    110.9   107.8   262.3   85
  $s_{low,total}$                                                                                                                                                                                                36.1    42.6    46.7    45.7    45.8    39.2
  $s_{up,total}$                                                                                                                                                                                                 84.9    85.1    84.2    98.8    87.5    81.6
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###### 

Summary statistics of four downlink bands measured during the walk for the BWDM and two conventional PEMs.

  RF Signal   Device        $\mathbf{\mathbf{S}_{\mathbf{i}\mathbf{n}\mathbf{c}}}$ (μW/m$\mathbf{{}^{2}}$)                                          
  ----------- ------------- -------------------------------------------------------------------------------- ------ ------- ------- ------- ------- -------
  800-DL      BDWM          26.7                                                                             101    1.14    3.21    14.3    \-      \-
              EME Spy 200   40.73                                                                            298    0.26    1.28    10.8    2.5     2.52
              ExpoM-RF      52.4                                                                             240    0.55    1.91    20.75   1.68    \-
  900-DL      BDWM          90.8                                                                             226    14      28      78.6    \-      \-
              EME Spy 200   60.1                                                                             233    5.3     12.26   39.3    2.28    \-
              ExpoM-RF      151.5                                                                            404    13.62   34.77   105.4   0.35    \-
  1800-DL     BWDM          37.7                                                                             82     5.46    12.2    38.6    \-      \-
              EME Spy 200   4.41                                                                             11.4   0.16    0.59    3.24    20.67   13.47
              ExpoM-RF      14.53                                                                            33     0.45    1.62    13.5    7.4     1.03
  2100-DL     BWDM          69.8                                                                             107    20.6    29      65.1    \-      4.2
              EME Spy 200   26.2                                                                             104    1       3.06    12.26   9.47    0.63
              ExpoM-RF      23.9                                                                             71.3   0.98    3.15    13.97   9.2     \-
